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Response surface method (RSM) was proposed to investigate the conversion of scrap tire via hydrothermal treatment. Temperature was the dominant factor in the process. The liquefaction rate increased sharply with temperature and exceeds 40 wt.% in the supercritical region ( >374.3°C). A maximum of more than 40 wt.% liquefaction rate was obtained when the tire was kept at 399°C for 60 min with the water/tire mass ratio of 10.8/1. Subsequently, the analysis of solid phase and liquid products at 360 and 400°C was carried out. The thermal stability of natural rubber in tire is significantly deteriorated after hydrothermal treatment. The hydrothermal process of rubber includes chain cleavage, particle hydrolysis, and carbon nanospheres formation, growth and agglomeration. The liquid products including carotenoids, ketones, and aromatic compounds, the ratio of which can be adjusted according to the temperature.
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INTRODUCTION
As one of the fastest-growing solid wastes, scrap tires have brought severe challenges to social governance with the increase in automobile production in the past few decades. At the end of 2018, China had produced a total of 816 million rubber tires, of which automobile tires accounted for about 80%, which inevitably caused a sharp increase in the number of discarded tires (Wang et al., 2020). Scrap tires are inherently non-biodegradable, resistant to photochemical decomposition, abrasion, and corrosion (Chen et al., 2019a; Chen et al., 2019b; Okoye et al., 2021). They were generally landfilled or directly burned. Landfill may generate leachate, which can destroy the soil and breed bacteria. During combustion, the high concentrations of N, S, halogen elements, and heavy metals in tires will be released into the atmosphere with high-temperature flue gas, causing serious air pollution (Peng, 2017; Bockstal et al., 2019). To dispose of scrap tires harmlessly, more value-added technologies should be developed (Czajczyńska et al., 2017; Li et al., 2020).
Hydrothermal liquefaction is a promising technology for solid waste treatment. Compared with traditional thermochemical technology (such as combustion, pyrolysis) (Aysu and Durak, 2015; Durak and Aysu, 2015; Yücedağ and Durak, 2019), it has the characteristics of high processing efficiency and low emission. In a closed water-filled environment, organic and inorganic components are degraded at elevated temperatures and pressures, converting the solid waste into liquid products such as acetic acid and crude oil (Baroutian et al., 2013; Déniel et al., 2016; Grigoras et al., 2017; Al-Hammadi et al., 2018; Durak, 2020). Moreover, the “near-zero-emission” of waste treatment can be realized by subsequently adding oxidants and other methods. Furthermore, the hot pressurized water, at sub- or super-critical region, has some special properties such as low dielectric constant and low density, which make water a non-polar solvent with high solubility and diffusibility and greatly accelerate the reaction rate (Sienkiewicz et al., 2017; Al-Muntaser et al., 2020). On account of the great potential of hydrothermal liquefaction in solid waste treatment, this technology has been applied to convert biomass and other solid waste into energy and resource through harmless treatment (Huang et al., 2019; Beims et al., 2020; Zhan et al., 2020).
Previous studies have demonstrated that temperature and retention time have prominent effects on tire heavy oil yield (Ahmad et al., 2020). For example, Toenh et al. (Park and Gloyna, 1997) found that the oil yield and viscosity peaked at 400°C when the temperature rose from 350 to 450°C. A further study conducted by Zhang et al. (Zhang et al., 2016) indicated that the yield of the liquid products was constant at a temperature of 370–400°C, while the liquid phase product might be degraded into volatile products above 400°C. Unlike the temperature, as the reaction time prolonged, the extent of depolymerization of the tire gradually increased, but it remained constant beyond 100 min due to complete depolymerization of volatiles (Chen et al., 1995). Zhang et al. (2016) also mentioned that the yield of liquid phase product was enhanced as the water/solid mass ratio increased from 0 to 4:1.
Firstly, current research on the hydrothermal liquefaction of tires mainly took the “one factor at a time” (OFAT) method to quantify the impact of a single factor on heavy oil production. However, the interactions between different factors have not been investigated, which cannot be neglected. Secondly, as the main by-product of tire hydrothermal treatment, the research on the properties of liquid products has been blank. Finally, the reaction mechanism of the hydrothermal conversion of tire rubber to carbon remains unclear (Chen et al., 1995; Park and Gloyna, 1997; Zhang et al., 2016; Ahmad et al., 2020).
This work investigates the effect of interactions among temperature, holding time, and water/solid ratio on the hydrothermal liquefaction of scrap tires using the response surface method (RSM) for the first time. The quadratic polynomial fitting was performed to analyze the experimental data and optimize the reaction conditions. Moreover, the main hydrolysis products (solid and liquid phase) of scrap tire were characterized to investigate their possible conversion mechanism in the hydrothermal process. The produced solid and liquid products in this study have the potential to be used as value-added chemicals and/or fuels to realize the waste reduction and resource recycling (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic diagram of the tire recycling process and concept through hydrothermal treatment.
MATERIALS AND METHODS
Materials
The scrap tire (ST) was supplied by Huayi Rubber Co., Ltd. (Sichuan, China). Prior to the experiments, the ST sample was ground and sieved to <250 μm then dried overnight at 105°C. The proximate and ultimate analyses (CHNS) of the feedstock were performed with the thermal differential analyzer (Thermostep) and elemental analyzer (Flash EA3000), respectively. The higher heating value (HHV) was calculated by Dulong formula (Lorry, 1947), i.e., HHV (MJ/kg) = 0.3383C + 1.422(H − O/8), as shown in Supplementary Table S1. Deionized water (General Reagent), n-hexane (>99.5%, Concord Technology), and acetone (analytical grade, Peking Reagent) were used as received.
Experimental Setup
The laboratory-scale batch reactor (Supplementary Figure S1) was custom-made by Songling Chemical Equipment Co., Ltd. (Yantai, Shandong, China). The reactor vessel was made of S30408 stainless steel with an effective volume of 100 ml (I.D. 25, O.D. 55 mm, inner height 21 cm). The maximum operating temperature and pressure of the setup are 400°C and 30 MPa, respectively. The reactor was heated by a 2 kW electric furnace, and the temperature accuracy was within ±0.5°C.
In a typical experiment, 60 g of deionized water and 5.0–7.5 g of tire sample (water/tire ratio 8–12) were loaded into the reactor. The reactor was then sealed and purged with high-purity nitrogen ( >99.999%) three times to remove residual air to ensure an inert atmosphere inside. The initial pressure of the experiment is atmospheric. After that, the reactor was heated to the set temperature (360–400°C) under stirring (300 rpm), kept for a designed retention time (20–60 min), and then cooled to <50°C with a high-speed fan. Duplicate experiments were carried out, and the discrepancy was 5.4%, which is acceptable in current work.
Separation of the Reaction Products
The yield of gas in this study was negligible, and thus it has not been specifically collected. The solid/liquid mixture in the reactor was filtered through a pre-weighed Whatman No. 5 filter paper (2.5 μm pore size, dried before use) under reduced pressure. The filtrate was collected and extracted with n-hexane (filtrate: n-hexane = 2:1) for subsequent GC-MS analysis of the liquid products. Afterward, the inner wall, top cover, and stirring blade of the reactor were rinsed with acetone several times to ensure that the adhering solids and heavy oil were completely collected. The mixture containing the solid product and the acetone phase was thoroughly stirred and vacuum filtered and washed with acetone until the filtrate became colorless. The obtained solid product was dried overnight at 105°C and then weighed to determine the yield of the solid residue (SR). The liquefaction rate (LR) of scrap tire was calculated from Eq. 1:
[image: image]
Characterization
The thermogravimetric (TG) analysis was conducted in a NETZSCH STA 409C/3/F instrument under a nitrogen atmosphere. About 10 mg of sample was uniformly placed into a crucible and heated to 800°C at a heating rate of 20°C min−1. Scanning electron microscopy (SEM) of the solid materials was performed on Zeiss Field Emission Scanning Electron Microscope (Merlin, Zeiss, Germany).
The liquid products were extracted by hexane and then analyzed by a gas chromatography-mass spectrometry [GC (Trace 1,300), MS (ISQ OD), Thermo Scientific, United States] equipped with a TG-5SILMS column (30 m × 0.25 mm ID × 0.25 μm, cross chromatography). High-purity helium (>99.9%) was used as the carrier gas. The oven temperature program was: keeping as 35°C for 1 min, ramping up 200°C at 5°C min−1, and then heating to 250°C at 10°C min−1.
Design of Experiments
Box-Behnken Design (BBD) is one of the most widely used RSM designs due to its advantages in using experimental data to construct analysis models (Cobas et al., 2014; Yadav et al., 2021). Therefore, we used BBD to investigate the influence of different experimental conditions on the liquefaction rate and optimize the conditions through modeling. As listed in Supplementary Table S2, based on previous work (Zhang et al., 2016; Chen et al., 2019a) and some preliminary experiments, three variables, i.e., temperature (360–400°C), reaction time (20–60 min), and water/tire ratio (8:1-12:1) were investigated. The boundary and intermediate values of each variable were selected as experimental conditions. The design contained a total of 17 experiments (12 factorial points and 5 center points), as shown in Table 1 (vide infra). The data matrix was analyzed by Design Expert 8.0.4 to quantify the comprehensive influence of these factors and determine the optimal combination. To obtain the linear, quadratic, and interaction effects of the three variables on the results, regression analysis was applied, and the established quadratic polynomial model can be expressed as Eq. 2:
[image: image]
where Y denotes the output response (liquefaction rate), Xi and Xj represent the experimental variables, α0 represents the constant term of the model, αii, αjj, and αij are the linear term coefficient, quadratic term coefficient and interaction coefficient of the model, respectively. After the establishment of the model, analysis of variance was performed on the regression model to test the quality of model fitting, and p-test and F-test were used to verify the statistical significance of the model.
TABLE 1 | The liquefaction rate of tire under different conditions (BBD).
[image: Table 1]RESULTS AND DISCUSSION
RSM Results and Response Surface Analysis
Model Fitting
The liquefaction rate of the tire under different reaction conditions is exhibited in Table 1, which varies between 20.7 wt.% and 39.7 wt.%. The values were much higher than the conversion rate of pyrolysis at the same temperature (Chen et al., 2019a). Hydrogen and hydroxyl radicals in hot-pressed water attack the polymer backbone, leading to more prone chain scission reactions, proving that hydrothermal treatment has significant advantages in waste tire disposal. Based on these data, the fitting quadratic equation of the liquefaction rate is displayed in Eq. 3.
[image: image]
The analysis of variance (ANOVA) was performed on the regression model (Supplementary Table S3). The model was found to be significant, with a p-value of 0.0064, much lower than 0.05. In addition, the p-value of lack of fit was 0.0659 (larger than 0.05), indicating that the lack of fit is not significant, which signified that the model fits well.
To study the applicability of the model, the normal probability and residual plots of the liquefaction rate were established, as displayed in Supplementary Figure S2. Typically, each point on a normal probability plot should be located approximately on a straight line, from which it can be inferred that the prediction is real. As can be seen from Supplementary Figure S2A, the plotted data roughly formed a straight line, which showed the normal distribution of the residual fitting of the liquefaction and proved that the model demonstrated good agreement with the experimental data. Besides, the residual plot in Supplementary Figure S2B showed that the residual liquefaction rate was randomly dispersed and no outliers were observed, which also indicated the accuracy of the model.
Response Surface Plots and Reaction Condition Optimization
According to the determined regression model, the three-dimensional response surface and contour plots of the liquefaction rate based on the temperature, reaction time, and water/tire ratio are shown in Figure 2. Based on the contour plots, we can see strong interactions between variables: the influence of one of them largely depends on the level of the other two variables.
[image: Figure 2]FIGURE 2 | The contour plots for liquefaction rate at (A) constant solids concentration (10 wt. %), (B) constant reaction time (40 min) and (C) constant temperature (380°C).
The effects of temperature and reaction time on the liquefaction rate are shown in Figure 2A, which indicates that in the selected experimental conditions, the liquefaction rate increased monotonously with increasing temperature and time. The liquefaction rate was more sensitive to temperature than reaction time, which was consistent with the conclusions in the literature (Jindal and Jha, 2016; Zhang et al., 2016; Chan et al., 2018). It can be observed that as the temperature rose from 362 to 392°C, the liquefaction rate increased sharply and exceeded 40% in a certain interval. Moreover, at low temperatures ( <368°C), increasing the reaction time (from 20 to 60 min) did not improve the liquefaction rate. The reason is that the main components of tires (natural rubber and styrene-butadiene rubber) have very high bond energy for molecular chain cleavage, which is difficult to break at low temperatures. When the temperature is higher than 380°C, prolonging the reaction time significantly promotes the depolymerization of the tire into small molecules in supercritical water.
Figure 2B illustrates the effect of reaction temperature and water/tire ratio on the liquefaction rate. Compared with the water/tire ratio, the temperature played a more significant role in the liquefaction of waste tire. Especially in the supercritical region ( >374.3°C), the rapid changes in the dielectric constant and density of water lead to its high diffusibility and organic solubility, and thus the efficiencies of hydrothermal reactions were greatly enhanced (Kruse and Dinjus, 2007; Wen et al., 2009). On the whole, the increase in temperature showed a tendency to increase the liquefaction rate. In the hydrothermal process, the water acted as both a solvent and a reactant to participate in the depolymerization reaction of tire (Zhang et al., 2016). Unlike the monotonous effect of temperature, there is an optimal water/tire ratio during the thermal liquefaction of tires. Keeping the temperature constant, the liquefaction rate increased first and then decreased with the increase of the water/tire ratio, with the optimal water/tire ratio of ca. 10. A low water/tire ratio cannot provide sufficient solubility for small molecule products or intermediates, thereby slowing down the rate of depolymerization of solid materials. Excessive water was also not conducive to the liquefaction of raw materials and caused a decrease in volumetric efficiency and productivity, and an increase in downstream wastewater treatment costs. The liquefaction rate reached the maximum value of ca. 40% when the temperature was 384–394°C and the water/tire ratio was 9.5–11.0 as shown in Figure 2B.
The effect of reaction time and water/tire ratio on liquefaction rate is shown in Figure 2C. The influence of reaction time was closely related to the water/tire ratio. As the water/tire ratio increased, the influence of reaction time on the liquefaction rate became stronger. For example, when the water/tire ratio was 8 and the reaction time was extended from 20 to 40 min, the liquefaction rate only increased by approximately 2%. When the water/tire ratio was 12, this value was improved by nearly 6%. Similarly, when the holding time was longer, the influence of the water/tire ratio on the liquefaction rate was intensified.
Table 2 lists the optimal values of the process variables at the maximum liquefaction rate. In order to verify the predicted optimization results, two sets of confirmatory experiments were carried out under the optimal predicted conditions, i.e., T = 399.2°C, t = 60 min, water/tire ratio = 10.8. The results show that the experimental value was in good agreement with the model predicted value, and the discrepancy was as low as 5.4%. Therefore, RSM can be used as an effective tool for optimizing the operating conditions of the hydrothermal liquefaction of waste tires.
TABLE 2 | Optimum operating conditions and liquefaction rate.
[image: Table 2]Product Analysis
As mentioned earlier, the gas yields were neglectable. Considering that temperature is the dominant variable in the hydrothermal conversion of tires, this study focused on the properties of solid and water phase products at different temperatures (360 and 400°C, reaction time and water-to-tire mass ratio were 40 min and 10:1, respectively).
Analysis of Solid Residue
TG analysis was carried out to examine the thermal stability of the ST and solid residue from hydrothermal reactions. As shown in Figure 3, the pyrolysis of ST started at ca. 200°C and ended at ca. 500°C. A main peak was observed at approximately 395°C in the DTG curve, which demonstrated the existence of a considerable amount of natural rubber (NR) in ST (Singh et al., 2018). The shoulder peak near 450°C was attributed to the decomposition of synthetic rubber (Wang et al., 2019). Compared with the raw material, the solid residue after hydrothermal treatment performed distinct degradation characteristics. As shown in Figure 3A, the residue yields of ST, SR-360, and SR-400 after pyrolysis at 600°C in TGA were 38 wt.%, 44 wt.%, and 62 wt.%, respectively. The residue amount of SR-360 after pyrolysis was very close to that of the ST sample, which means that even after 60 min of hydrothermal treatment at 360°C, most of the volatile matter in the feedstock remains unconverted. Nevertheless, it is worth noting that hydrothermal treatment significantly reduces the thermal stability of NR in tires. As shown in Figure 3B, the weight loss peak caused by the decomposition of NR has moved from 400 to 270°C. This indicates that the cross-linked structure of NR molecules may undergo rearrangement and isomerization reactions, finally forming a thermally unstable structure in hot-pressed water. Therefore, hydrothermal pretreatment can be a promising method in the thermochemical utilization of scrap tires under mild conditions.
[image: Figure 3]FIGURE 3 | TG (A) and DTG (B) curves of the pyrolysis of original scrap tire (ST), solid residue from 360°C (SR-360), and solid residue from 400°C (SR-400).
Figure 4 displays the overall morphology of different solid samples. It can be observed that the original rubber were bulks with no pores (Figure 4A). After the hydrothermal treatment, part of the rubber dissolved from the surface and then hydrolyzed, forming a loose and porous void structure on the surface, while the majority of the rubber remained unconverted at 360°C, as shown in Figure 4C. As the temperature further increased to 400°C, the hydrolysis reaction intensified. Figure 4E indicated that a high proportion of grains were produced, and lumpy rubber particles almost disappeared. At 400°C, the tire rubber was more severely degraded compared with 360°C. High-resolution SEM showed that the ST sample was a rubber particle with an intact and dense surface (Figure 4B). In the hot-pressed water at 360°C, the rubber fibers were broken into small particles, some of which further participated in the hydrolysis reaction to form agglomerates of carbon black nanospheres (ca. 40 nm) (Li et al., 2005; Al-Hammadi et al., 2018) (Figure 4D). After further hydrothermal treatment at 400°C, a large number of carbon black spheres agglomerated into graph-like clusters with irregular appearances. There were still some lumps or rods of rubber particles with inconsistent sizes (Figure 4F), indicating that the tire rubber has not been completely converted at 400°C.
[image: Figure 4]FIGURE 4 | SEM of tire powder and solid residue from hydrothermal treatment. (A, B) original scrap tire (ST). (C, D) solid residue from 360°C (SR-360). (E, F) solid residue from 400°C (SR-400).
To summarize, the macromolecular rubber fiber first decomposes into massive particles in the hydrothermal environment at elevated temperatures (Figure 5). Some of these particles participate in further hydrolysis to form carbon black nanospheres. Subsequently, some carbon black spheres are encased by other spheres to form a small cluster. Furthermore, the agglomeration of small clusters forms a grape-like structure.
[image: Figure 5]FIGURE 5 | The mechanism of the formation of carbon black clusters during the hydrothermal treatment of tire rubber.
Analysis of the Liquid Products
To investigate the liquid products, we performed the GC-MS analysis, where carotenoids, aromatic compounds, ketones, and alcohols were detected (Table 3). Carotenoids, chain or cyclic ketones, and alcohols were generated from polyisoprene in natural rubber (Ahmad et al., 2019; Li et al., 2020), while aromatic compounds were derived from styrene-butadiene rubber (Kar, 2011). Besides, nitrogen and sulfur compounds are mainly converted from tire additives (Laresgoiti et al., 2004; Zhang et al., 2016).
TABLE 3 | Major organic compounds in the liquid phase at different reaction conditions.
[image: Table 3]In the hydrothermal environment, the macromolecular long-chain polyisoprene depolymerized into a helical structure of chain-like hydrocarbons with a carotenoid main structure under the attack of water molecules. It has chemically active methoxy groups at both ends, which can be used as precursors for carotenoid synthesis. As the temperature increased from 360 to 400°C, the deepening of the hydrolysis of natural rubber did not lead to an increase in its content, but a 23% decrease. Carotenoids are relatively weak in thermal stability at high temperatures and will be broken down into smaller molecular hydrocarbons or oxygen-containing compounds. This can also be demonstrated by the short-chain alcohol compounds that appear at 400°C. Similarly, the proportion of methyl isobutyl ketone had a decrease (18%) at elevated temperatures. Cyclic ketones were reported to be unstable in a hydrothermal environment, but the content of cyclic ketones remained fairly static at different temperatures. It can be inferred that its decomposition and generation have reached a dynamic balance.
Moreover, as the temperature increased to 400°C, the content of anilines and phenols increased significantly due to the decomposition of styrene-butadiene rubber (Cunliffe and Williams, 1998; Mastral et al., 2000). The styrene-butadiene rubber was first depolymerized into styrene monomer, and then the connection between the vinyl group and the benzene ring was impacted by the amine group from the additives (such as benzothiazoles, thioureas, thiuram, amines, etc.) (Laresgoiti et al., 2004)and water molecules to form anilines and phenols in the supercritical water (400°C). The original rubber vulcanization accelerators may also decompose into anilines in the hydrothermal process.
Our results showed that the liquid phase from tire hydrothermal treatment contained diverse valuable chemicals with considerably high content, which were key precursors and intermediates in the chemical industry. In addition, the desired chemicals can be selectively obtained by adjusting the reaction temperature. For example, an increase in temperature was conducive to the formation of aromatic compounds, but it also caused a large amount of cracking of carotenoids’ molecular chain.
CONCLUSION
The conversion of scrap tire to valuable products via hydrothermal treatment was studied. The model established by RSM fitted the experimental data well and revealed the influence of the interactions between variables (temperature, reaction time, and water/tire ratio) on the liquefaction rate. Temperature was the dominant factor. Reaction time has little effect at low temperatures ( <368°C). Water/tire ratio was a key parameter in the hydrothermal process, due to that insufficient or excessive water would reduce the liquefaction rate. A maximum of 40.9 wt.% liquefaction rate was obtained when tire was kept at 399°C for 60 min with the water/solid mass ratio of 10.8. The cross-linked structure of NR molecules may undergo rearrangement and isomerization reactions, forming a thermally unstable structure in hot-pressed water. Scanning electron microscopy revealed that the hydrothermal mechanism of tires includes structure cleavage, particle hydrolysis, and carbon nanosphere formation, growth and agglomeration. Our results proved that the liquid products of tire hydrothermal treatment contained diverse valuable chemicals with considerably high content, such as carotenoids, ketones, and aromatic compounds, which were key precursors and intermediates in the chemical industry. Moreover, the proportion of some chemicals could be adjusted to some extent by changing the process parameters.
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